We report on the tuning of the Kondo effect in thin Au films containing a monolayer of cobalt(II) terpyridine complexes by altering the ligand structure around the Co 2+ ions by depositing a thin Au capping layer on top of the monolayer on Au by magnetron sputtering (more energetic) and e-beam evaporation (softer). We show that the Kondo effect is slightly enhanced with respect to that of the uncapped film when the cap is deposited by evaporation, and significantly enhanced when magnetron sputtering is used. The Kondo temperature (T K ) increases from 3 to 4.2/6.2 K for the evaporated/sputtered caps. X-ray absorption spectroscopy and surface-enhanced Raman spectroscopy investigation showed that the organic ligands remain intact upon Au e-beam evaporation; however, sputtering inflicts significant change in the Co 2+ electronic environment. The location of the monolayer-on the surface or embedded in the film-has a small effect. However, the damage of Co-N bonds induced by sputtering has a drastic effect on the increase of the impurity-electron interaction. This opens up the way for tuning of the magnetic impurity states, e.g. spin quantum number, binding energy with respect to the host Fermi energy, and overlap via the ligand structure around the ions.
Introduction
The interaction between conduction electrons and isolated magnetic impurities may lead to very rich physics involving magnetic ordering and related many-body phenomena. Prime examples are the Kondo effect [1] , the Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction [2] and carrier-induced ferromagnetism in diluted magnetic semiconductors [3] . Particularly, the Kondo effect has been 4 Current address: Stoddart Mechanostereochemistry Group, Department of Chemistry, Northwestern University, 2145 Sheridan Road, Evanston, IL 60208, USA. studied extensively in recent decades as it provides a prototype system for many-body correlation effects, which may lead to further understanding of heavy-fermion systems and high-T c superconductors [4] [5] [6] .
In order to investigate such electron-impurity interactions over a wide range of concentrations, the impurities must be introduced inside the host homogeneously, i.e. without clustering or segregation. Recently, we have achieved this by tunable molecular doping of a thin Au film with magnetic impurities, reaching very high concentrations (∼800 ppm) without any effects of agglomeration [7] . Our method consists of inserting isolated localized magnetic impurities into a gold film from a monolayer of metal terpyridine complexes, Co(tpy)(tpy-SH), containing a metal ion with an unpaired spin (Co 2+ ). By mixing these complexes with Zn(tpy)(tpy-SH) complexes, consisting of the same organic ligands, but with a zero-spin metal core ion (Zn 2+ ), we can straightforwardly control the concentration of magnetic moments. Temperaturedependent resistance measurements of the Au films doped with Co-complexes showed an increase in the resistivity at low temperature, which became more significant with an increasing Co(tpy)(tpy-SH) concentration. This upturn in resistivity is ascribed to the interaction of localized magnetic impurities with the spins of itinerant conduction electrons in the host metal [7] . Coherent superposition of (higher-order) spin-flip scattering eventually leads to a many-body singlet state that is formed by the impurity and a 'cloud' of conduction electrons. This results in complete screening of the localized moment below a critical temperature, referred to as the Kondo temperature (T K ).
Our method enables us to investigate the Kondo effect by changing the magnetic impurity concentration in a thin film. It may also allow the manipulation of the Kondo temperature (T K ). There are reports where the T K was tuned in organic-inorganic hybrid systems through a single atom or organic molecule and probed via an STM tip. In these studies, the T K was manipulated by altering the spin-orbit coupling in several ways, such as by changing the number of molecules around a center magnetic molecule [8] , by tuning the symmetry of the ligand field through the local coordination to the substrate [9] , or by modifying the relative coupling strength via changing the molecule to electrode distance in a break junction [10] . In contrast to those studies, we tune the T K in a thin film by deposition of a very thin layer (5 nm) of Au on top of the molecules (Au capping) with two different capping methods: e-beam evaporation and magnetron sputtering. Sputter-deposition of the Au capping layer was expected to (partially) destroy the organic ligands of the organometallic complexes, due to the relatively high kinetic energy of the arriving Au atoms. It is known that the kinetic energy per deposited metal atom in thermal evaporation is around 0.3 eV, whereas in sputtering it is on the order of 40 eV, i.e. ∼130 times larger [11] [12] [13] . On the other hand, typical molecular bond strengths are on the order of ∼2 eV. Therefore, it was expected that sputtering would cause alteration of the molecular structure, while with evaporation the molecular bonds would remain largely intact. It should be noted that a change in the bonds at close proximity of the Co 2+ ion would have a more drastic effect on its electronic environment than a change on the ligand further away from the center. Such a dramatic change at the Co site might lead to an increase in the strength of the interaction between the impurity spin and conduction electrons and improve the electronic coupling between the Co-impurities and the Au host, which would result in an increased Kondo upturn and higher T K . In addition to the change of the Co coordination sites, the geometrical structure of the thin film can also play a role. For instance, monolayers on Au without capping sit on ∼5 nm Au, whereas the capped monolayers are sitting in the middle of Au with the same thickness. Therefore, stronger interaction between the molecule core and Au electrons is expected.
Experimental details
We performed electron transport and low-temperature magnetoresistance measurements on Co(tpy)(tpy-SH) monolayers (ML) assembled on Au: without any Au cap, ML/Au(∼18 nm); with sputter-deposited Au cap, spAu(∼5 nm)/ML/Au(∼5 nm); with e-beam evaporated Au cap, eb-Au(∼5 nm)/ML/Au(∼5 nm), (where 'sp-Au' and 'eb-Au' stand for 'sputtered Au cap' and 'e-beam evaporated Au cap', respectively); and the bare Au film before ML formation on top of it, Au(∼18 nm). The samples were prepared on SiO 2 (300 nm)/Si substrates for electron transport measurements and on transparent CaF 2 substrates for Raman spectroscopy measurements. The total thickness of all samples with monolayers was adjusted such that they would have about the same sheet resistance value. The Au-capped monolayers sp-Au/ML/Au and eb-Au/ML/Au were sandwiched between two Au layers of ∼5 nm. The sputter-deposited bottom Au films were prepared in the same sputtering run. The films consisted of non-connecting islands and became conducting only after the depositions of capping layers on top of the formed monolayers. The bare Au(∼18 nm) and the ML/Au(∼18 nm) samples were the same sample before and after the ML formation. The magnetron sputtering conditions for bottom Au and sputtered cap depositions were the same: at room temperature in 6.6 × 10 −3 mbar Ar pressure with 60 W power (at 440 V) from an Au (99.99%) target. The Au target was cleaned via 1 min pre-sputtering before every deposition run. The sheet resistance of samples at 150 K was 188 /sq, 353 /sq, 259 /sq and 332 /sq for Au, ML/Au, eb-Au/ML/Au and sp-Au/ML/Au, respectively.
The Co(tpy)(tpy-SH) monolayers were formed on the Au films by immersing the Au films overnight in 1 mM solutions of Co(tpy)(tpy-SH) complexes in acetonitrile at room temperature. Subsequently, the excess amount of molecules was removed by rinsing the samples with acetonitrile. The Au capping process was performed right after monolayer preparation to avoid contamination from prolonged exposure to ambient conditions. Capping by sputtering was explained above, while capping by e-beam evaporation was performed at room temperature with 220 mA current, at 0.2Å min
Electron transport measurements were performed using a physical properties measurement system (PPMS, Quantum Design) with an excitation current of 3 µA. The effect of Au capping on the molecular structure of the complex and the electronic environment of the Co 2+ core ion was investigated by x-ray absorption spectroscopy (XAS) and surface-enhanced Raman spectroscopy (SERS).
SERS measurements were performed with a custombuilt laser-scanning Raman microspectrometer (the setup is described in more detail in [33] ). A krypton ion laser (Innova 90-K, Coherent Inc., Santa Clara, CA) was used as the illumination source. The excitation light, with 647.1 nm wavelength, was focused by a 40 × 0.95 NA objective (Olympus UPFLN, Olympus, Hamburg, Germany). The Raman image plane was selected to be at the same height above the CaF 2 substrate in all samples. The height was adjusted based on the intensity of the 322 cm −1 Raman signal of the CaF 2 substrate. Data acquisition was performed by stepping the laser beam over the sample in a raster pattern and spectra were acquired at each position. All spectra were corrected for setup response, and were averaged over 1024 (32 × 32) measurements. A laser power of 10 mW was used. It was confirmed that no degradation of the molecular layer occurred with this power level. The confirmation was based on measurements acquired with increasing laser power until a change in the spectrum was observed. Until 10 mW, no observable change was detected in the spectra.
XAS and photoelectron spectroscopy (PES) studies were performed at beam line D1011 of the MAXII storage ring at the synchrotron radiation facility MAX-lab in Lund, Sweden. The (front) end-station is equipped with a Scienta SES200 electron analyzer for PES measurements. An incident angle θ = 45 • of the photon beam relative to the sample normal was used for all types of measurements. The system contained a sample preparation chamber, separated from the measurement chamber with a vacuum valve, which was used for in situ deposition of Au by thermal evaporation using a W filament wire coated with Au. The base pressure of the preparation chamber was 10 −10 mbar and the pressure during the Au deposition was ∼5 × 10 −9 mbar. All XAS spectra were measured at room temperature in total electron yield mode, with a probing depth of about 10 nm. The backgrounds for correction of the Co L-edge, C K-edge and N K-edge spectra were measured from a clean, in situ deposited Au film on a Si substrate, and removed from the XAS spectra.
Results and discussion

Electron transport and magnetoresistance measurements
Figure 1(a) shows the temperature dependence of the resistivity of samples consisting of (i) a bare Au film (Au), (ii) a monolayer of Co(tpy)(tpy-SH) on the same Au film without additional Au capping layer (ML/Au), and monolayers with (iii) sputtered (sp-Au/ML/Au) and (iv) e-beam evaporated Au caps (eb-Au/ML/Au). Although the sheet resistances were aimed to keep about the same, there were sample-to-sample resistivity variations. To make direct comparison possible, the resistivity values were normalized as reported earlier [7] according to:
where ρ min is the minimum resistivity value of each curve, and ρ Au (150 K) is the resistivity of the Au film at 150 K. For the highest temperatures, the resistivity of all films exhibits the same T 5 dependence, which is characteristic of phonon scattering. All curves, however, show a resistivity minimum ρ min , and an increase in resistivity with decreasing temperature. Figure 1 . (a) Normalized resistivity versus temperature for a 99.99% pure gold film: Au (orange squares); identical gold film with a monolayer of Co(tpy)(tpy-SH) complexes, ML/Au (pink circles); Co(tpy)(tpy-SH) complexes capped with a thin layer of e-beam evaporation deposited Au, eb-Au/ML/Au (blue triangles); and sputter-deposited Au, sp-Au/ML/Au (black diamonds). Inset: structure of the Co(tpy)(tpy-SH) complex. (b) Normalized resistivity plotted against normalized temperature with the contribution of the bare gold film subtracted for temperatures below T min . The solid line is the fit to NRG theory for S = 1/2 Kondo system. Extracted Kondo temperatures are 3 K, 4.2 K and 6.2 K for ML/Au, eb-Au/ML/Au and sp-Au/ML/Au samples, respectively.
As can be seen in figure 1(a) , the monolayer with sputter-deposited Au cap shows by far the largest upturn, followed by the monolayer capped with evaporated Au, the monolayer without Au cap, and finally the bare Au sample with the same thickness. The upturn in the bare Au film was attributed to magnetic impurities (the most abundant being iron) in the 99.99% pure gold source material we used, and to weak anti-localization and electron-electron interactions, which can also contribute to a temperature-dependent part of the resistivity [7] .
We obtained T min values of 6.4 K for Au, 8.4 K for ML/Au and 9.7 K for eb-Au/ML/Au, and 16 K for sp-Au/ML/Au. The Kondo temperature for each curve was extracted from fits to the numerical renormalization-group (NRG) theory [14] [15] [16] (figure 1(b) ). The extracted T K , from small to large values, were 3 K for the ML/Au, 4.2 K for eb-Au/ML/Au, and 6.2 K for sp-Au/ML/Au. The value of the Kondo temperature corresponds to the binding energy of the correlated conduction electron-impurity state [17] . In other words, the Kondo temperature of the system can be considered as a measure of the interaction strength between the magnetic impurity and the conduction electrons. Therefore, the higher T K observed for eb-Au/ML/Au and the highest T K for sp-Au/ML/Au is indicative of the stronger interaction between the spin of the Co 2+ ion and the conduction electrons.
There could be two possibilities for this: one is the location where the complexes sit; on the surface for the ML/Au case and in the middle of the film for the eb-Au/ML/Au and sp-Au/ML/Au case, in the sense that the Co 2+ ion and Au atoms would physically be closer. The second is the change in the electronic environment of the Co 2+ ion as a reason of Au deposition. However, as the following analysis will show, the first possibility can explain the higher T K only for eb-Au/ML/Au because the molecular structure was not significantly altered upon Au evaporation. On the other hand, for sp-Au/ML/Au evidence on changes in the coordination sites of Co indicating alteration of Co 2+ electronic environment was obtained. Since eb-Au/ML/Au showed that the location of the molecules has a small effect on the Kondo upturn, it makes the change in electronic environment of Co 2+ the most likely reason for the highest T K for the sputtered sample (see discussion below).
In order to confirm the increased interaction between impurity spins and conduction electrons in Au-capped monolayers, the electron phase coherence length (l φ ) was determined from weak anti-localization (WAL) feature in the magnetoresistance measurements (see figure 2) . WAL is known to be a negative quantum contribution to the resistivity due to coherent back-scattering in highly disordered systems with large spin-orbit coupling such as Au. Weak anti-localization can be suppressed by a magnetic field (perpendicular to the thin film plane), lifting time-reversal symmetry, which provides a way to derive the carrier phase coherence length, l φ [18] . To extract l φ , the low-field magnetoresistance curves (figure 2(b)) were fitted to the theory of Hikami, Larkin and Nagaoka [19] . Figure 2 (a) shows the magnetoresistance curves at 2 K. Each curve was normalized according to equation (2):
A minimum at B = 0 T was observed for all curves, corresponding to weak anti-localization (WAL). The widths of the curves strongly increases from the bare Au film to the sputter-capped monolayer. Figure 2(b) shows the low-field part of the magnetoresistance data with the magnetic field in logarithmic scale. The solid lines are fits to the theory of Hikami, Larkin and Nagaoka [19] . The extracted l φ values are 584 nm for Au, 453 nm for the ML/Au, 280 nm for eb-Au/ML/Au, and 132 nm for sp-Au/ML/Au. The decrease in l φ for ML/Au compared to Au can be related to spin scattering off the magnetic impurities assembled on the Au film, which is consistent with the higher Kondo upturn. The even smaller value of l φ in sp-Au/ML/Au, compared to eb-Au/ML/Au and ML/Au confirms the increase in spin scattering also observed in the Kondo upturn. These findings suggest that the electronic environment of the impurities is strongly affected by the different Au capping procedures. We will address this issue further in the following sections.
X-ray absorption spectroscopy (XAS) measurements
XAS is a powerful and surface-sensitive technique to characterize the element-specific electronic structure of materials [20] . Since the Au capping layers we used were very thin, it was still possible to probe the spectral features of the molecules.
The Co(tpy)(tpy-SH) monolayers were self-assembled on 20 nm Au films (ML/Au), which is thick enough to block signal contributions from the Si substrate. The samples were loaded into the load-lock of the UHV system immediately after monolayer formation to avoid contamination resulting from prolonged exposure to air. After measuring the XAS and photoemission spectra (PES) spectra of ML/Au, several in situ Au evaporation steps were performed at room temperature.
The evaporation and measuring procedure was repeated four times in order to see the effect of increasing Au evaporation on the spectra. The increase of the Au coverage after each deposition was estimated to be around 0.25 nm by evaluating the attenuation of the C1s peak (originating from the monolayers) in PES measurements. A background signal, measured from a clean Au layer on top of Si, was subtracted from all XAS measurements. It should be noted that the signal to background ratio in the spectrum taken after the fourth evaporation (evap. 4) was very low, such that background contributions may not be completely removed from the data.
The N K-edge XAS spectra ( figure 3(a) ) of ML/Au showed a resonance at 398.5 eV with a shoulder at around 399.6 eV. According to the literature on N K-edge spectra obtained for similar molecules containing terpyridine (tpy) groups, the peak at 398.5 eV can be assigned to a π * resonance, which is typical for many aromatic systems comprising N atoms [21] . The shoulder at 399.6 eV was attributed to the nitrogen-to-metal coordination, indicating charge transfer from the nitrogen to the metal, similar to previous reports on N K-edge spectra of similar molecular systems, such as (tpy-Pt) [22] and (tpy-Pd) [21, 23] complexes.
The C K-edge XAS spectra of the samples are shown in figure 3(b) . The peak assignments were again made according to previously published data of tpy-containing monolayers assembled on metals. In the ML/Au spectrum, the resonance at 285.1 eV and the shoulder at 284.6 eV were attributed to the C(1s) to π * C-N transition and the C(1s) to π * C-C transition of the tpy ligand, respectively [21, 24] . The 288.3 eV resonance was assigned to excitations from the C(1s) core level into hydrogen-derived antibonding orbitals, C-H * [21] . The resonance at about 286.6 eV is attributed to a C(1s) to π * transition on the pyridine rings, while the two broad peaks at 292.85 eV are due to C1s to σ * shape resonance [24, 25] .
Upon capping the monolayer with Au by evaporation, (eb-Au/ML/Au), the shape of the spectral features in both N K-edge and C K-edge did not change, however the peaks were observed to be slightly shifted towards higher excitation energies, indicating that the Au atoms diffuse inside the monolayer [26] . However, in case of the sputter-deposited Au cap (sp-Au/ML/Au), the main peaks were suppressed and broadened significantly. This indicates that, in contrast to deposition by evaporation, sputter-deposition of Au onto the molecules alters the C-C and C-N bonds of the ligand significantly. It must be taken into the consideration that a change in the bonds at close proximity of the Co 2+ would have a more drastic effect on its electronic environment than a change on the ligand further away from the center. Therefore Co L-edge spectra hold valuable information.
The Co L 3 -spectra originate mainly from electronic transitions from Co(2p 3/2 ) core levels to Co(3d) unoccupied states. The 2p core holes and 3d valence electrons interact strongly, which localizes the core-excited states. In ionic transition metal complexes, the degree of localization is sufficiently high and the L-edge spectra can be described in terms of atomic multiplets. This enables straightforward probing of the Covalence and the coordination environment of the Co-ions in the complexes [27, 28] . In figure 4 , the Co L 3 -edge spectra of ML/Au, ML/Au after 4 runs of in situ Au evaporation and sp-Au/ML/Au are given. In all Co L 3 -edge spectra of the Co(tpy)(tpy-SH) complexes, with or without Au capping, significant multiplet peaks, which stem from Coulomb and exchange interactions between the 2p core hole and the 3d valance electrons, can be clearly observed. The atomic multiplet structures were consistent with Co 2+ ions (electronic configuration 3d 7 ) in the high-spin state [28] [29] [30] . More specifically, the spectra resemble those of various systems containing Co 2+ ions in a (distorted) octahedral (O h ) ligand field, with a crystal field parameter 10 Dq, or crystal field splitting energy, close to 1 eV, such as CoO [28] [29] [30] [31] . Despite some variations in the spectra of capped versus non-capped monolayers, the presence of atomic multiplet peaks showed that the core-excited states remain localized on the Co-ions [28] . The spectra of eb-Au/ML/Au are very similar to that of ML/Au, whereas the spectrum of sp-Au/ML/Au shows significant changes in the multiplet structure. In eb-Au/ML/Au, the shoulder at 780.5 eV was slightly suppressed while the peak at 776.6 eV remained intense. However, for sp-Au/ML/Au, both the 780.5 and 776.6 eV features were suppressed more significantly. Experiments and simulations in the literature on Co 2+ ions in octahedral bonding environments demonstrate that, for larger values of 10 Dq, the multiplet structure widens, such that the 776.6 and 780.5 eV features become more pronounced [28, 29, 31] . It can thus be concluded that the crystal field splitting energy is slightly smaller for eb-Au/ML/Au compared to ML/Au, while sp-Au/ML/Au exhibits the smallest crystal field splitting.
Since Au deposition by evaporation appears to leave the molecular bonds intact, the small reduction of the ligand field splitting can be ascribed to the effect of Au atoms embedding the molecules. The proximity of the electron clouds of the Au atoms closest to the central Co-ion may be expected to somewhat suppress the ligand field originating from the six N atoms that are covalently bonded to Co, reducing the energy splitting between the e g and t 2g orbitals. For the sputter-capped sample, molecular bonds are broken during deposition, such that the Co-N bonds may be replaced by Co-Au bonds. In the most extreme case, the N-cage surrounding the Co-ions may be destroyed completely, with the Co being dissolved into the fcc Au matrix. A comparison with Co L-edge spectra of 1.5 at.% Co in Au, for which the Co multiplet structure can also be observed but is strongly suppressed [32] suggests that the Co bonding environment remains at least partially intact. 
Surface-enhanced Raman spectroscopy (SERS) measurements
Raman spectroscopy provides detailed information about the structure, vibrational and electronic properties, and orientation of molecules [34] . It is based on the detection of energy differences in inelastic photon scattering, which are specific for a given chemical bond, allowing identification of molecules. The vibrational information forms a spectral fingerprint of the molecule. The typically very low spontaneous Raman scattering probability is greatly enhanced in the proximity of metal surfaces, due to the presence of local surface plasmons: giving rise to so-called surface-enhanced Raman scattering (SERS). SERS can provide information even for single molecules. Strong enhancement is observed for rough metallic surfaces due to electromagnetic enhancement, which originates from the enhancement of the incident electromagnetic field by surface plasmons of the metallic nanoparticles [35, 36] .
Sputtered thin Au layers have been already used previously as SERS substrates due to their rough surfaces [34] . Therefore, our system, consisting of molecules with thiol end groups assembled on a thin sputtered Au surface, was expected to show significant Raman signals of the Co-complexes. Figure 5 shows the Raman spectra of the samples ML/Au (pink), eb-Au/ML/Au (blue) and sp-Au/ML/Au (black). All measurements were performed with a laser power of 10 mW. It was confirmed that this power did not alter the spectral features by (light) irradiation induced damage (see section 2). The distinct spectral features observed on ML/Au were due to the monolayers, and were comparable with the spectra of very similar complexes reported in the literature [37] [38] [39] [40] . The peaks between approximately 1100 and 1200 cm −1 were associated with phenyl-based modes [38] . The peaks between 1250 and 1290 cm −1 were attributed to the C-H wagging vibration [38] , while the peak at 1020.5 cm −1 and the peaks between the regions 1332-1600 cm −1 were assigned to pyridine ring breathing vibrations [38] . The resonance at 1332 was attributed to the trigonal ring breathing vibration, mostly located on the central pyridine ring.
After Au evaporation on the molecular monolayer, the peaks were further enhanced in the spectra in agreement with an earlier report [35] . The peak shapes remained unchanged, which indicates that the vibrational modes, and therefore the molecular bonds, were not altered significantly after Au evaporation. On the other hand, after sputter-deposition of Au, the distinct peaks were lost and a broad feature emerged instead, indicating that the molecular bonds were destroyed upon sputtering. This is consistent with the C-and N K-edge measurements, and points to damage due to the relatively high kinetic energy of the Au atoms arriving on the surface during sputter-deposition. Similar results have been reported in the past [34, 35] .
Conclusions
Co(tpy)(tpy-SH) monolayers on top of Au films without additional Au cap, and with evaporated and sputtered Au caps were investigated by electron transport measurements, XAS and Raman spectroscopy. The Kondo upturn and the Kondo temperature were slightly higher for eb-Au/ML/Au (4.2 K) compared to ML/Au (3 K) and by far the highest for sp-Au/ML/Au (6.2 K). Consistent with this, the extracted phase coherence lengths were the smallest for the sputtered Au cap (132 nm), and the largest for the bare Au film (584 nm). The higher Kondo upturn and T K and the smaller phase coherence lengths can be attributed to enhanced interaction between the Co-ions and the Au conduction electrons. XAS and Raman spectroscopy showed that the molecular structure remained intact after e-beam evaporation. However upon sputtering, the molecular bonds are broken during deposition, such that the Co-N bonds may be replaced by Co-Au bonds. In the most extreme case, the N-cage surrounding the Co-ions may be destroyed completely, with the Co being dissolved into the fcc Au matrix. Still, Co bonding environment remains at least partially intact. Since the eb-Au/ML/Au showed that the location of the molecules has a small effect on the Kondo upturn, it makes the change in the electronic environment of Co 2+ the real reason for the highest T K for the sputtered sample. These results imply that it is possible to change the strength of the impurity-host interaction in such system by depositing a thin layer of Au on top of the molecules by sputtering or e-beam evaporation. This allows for tuning of the magnetic impurity states, e.g. the spin quantum number, binding energy with respect to the host Fermi energy, and orbital overlap via the ligand structure around the ions.
